Design of
Prestressed Concrete Girders
Without End Blocks

WA-RD 81.1

Final Report
February 1986

AR

Washington State Department of Transportation
’ Planning, Research and Public Transportation Division

\/

624.1834

In Cooperation With
ITANI United States Department of Transportation
1986 Federal Highway Administration

c.2



Washington State Department of Transportation

Duane Berentson, Secm‘afy
50 Angr%as Depxtg F’W?Seoro for Planning, Research and
A hoy Assistan tary for Planning, 8
Public Transponaﬂon "

Wmmmummm

Richard Odabashlan, Commissioner
Jerry Overton, Commissloner
Leo B. Sweeney, Commissioner

ndreas, pu

EW. Ferguson Admlnlstrator District 4

Robert C. Schuster, Assistant Secretary for Highways
James Sainsbury, Aotinq Assistant Secratary for Marine Trans ﬂon
James P. Toohey, Assist. Sec. for Plan'g, Research & Publio Tr.

r Transportation

WSDOT Reaearch Teohnical Committess

Eolang &ooE éﬂi‘mrman. Bistrict % Emlnlsh’alor

John Aaspas, District 4 Project Engineer

Willlam P. Carr, Associate Research Director

Rich Damnell, District 3 Maint. & Opera!ions Englneer

C. Stewart Gloyd Brl$e/Structures ngineer

Wayne Gruen, State Traffic En

Kern Jacobson, District 1 Publlc Transportation and Planning Engineer
Stan Moon, Location/Design Engineer

Ed Schlect Construction Engineer - Paving

Don Senn, District 2 Location/Construction Engleneer

Dick Shrol\ District 6 Maintenance Superintendent

John Stanton, Assistant Professor, University of Wash Wton

Ken Thomas, Operations Englneer Bellingham Public Works Dept.

Kelth W. Anderson, Research Spedialist

Bill Beernan, District 5 Administrator

Jorry Higgins, Assistant Professor, Washington State University
Newton Jackson, Pavement/Soils Engineer

Alan Klng. Public Works Director, Okanogan County

Bob dge Operations Engineer

Art Pebr. Materials Engineer

Bob Spratt, District 2 ntenance E

John Strada, Construction Engineer - 9

gorge Emﬁ'nl H‘Erman, Manager, Public Transportation Office

Ron Anderson, Manager, District 6 Management Services

Ken Casavant, Protessor Washington State University

Klng Cushman, Director, Pierce Counta‘lTranslt Development
n Doyle. Manager, Economy Bran

Kris Gupta , Manager. Transportaﬁon Data

Jerry Lenzi, Multimodal Transportation

Don Tranum, DIstrk:tGAdmln trator

Stan Moon, Chalrman, Location/Design Engineer

Kem Jacobson. District 1 Public Transportation and Planning Englnoor
Bob Krier, Bridge Operations Engineer

Dennis Ingham. Highway Malntenanoe Engineer

Stan Moon, L tlon/Deslgn Engineer

Art Petors, Materials Engineer

James Sainsbury. Acting Assistant Secretary, Marine Transportation
Ed Schlact, Construction Engineer

Gerald Smith, District 1 Project Engineer

Bob Spratt, Dlstrict 2 Maintenance ngineer

g g A iie!riiora Erreolor

Wllllam P. Carr, Assodiate Director

Keith W. Anderson, Federal Program Manager

George D. Crommes, Technology Transfer Manager
Kim Jennen, Clerk

Julie Leverson, Planning Techniclan

Ellen Loyer, Clerk Typis

Cad Toney, Resear Administrator

]erry mﬂ. ghg#
Fau' 5 gregaon, HHAE% Eﬁminlstrator

eg resident, N erstrom, In
Millon "Bud" EB rs. Presldent. Skag Vall:( ‘h'uoklng
Richard re

ston Thorgrlmaon
Willam rando Vice Preside \ ton Northem FLA.
Sam Guou. SBnator Thos

Lawrence Houk VlooProsldent Lookhood Shlpbulldlng
Charles H, Knlg &Pmldent Con te Tachnology
%&h:&l Murphy, m nt, Central ro-Mlx Concrete

Page, Preside aahl Jton Roundtable
James D, Ray. Senlor Manager. |BM Company

{man. Associate Provost for Research, Wash. State Univ,

Woodruft, Vice Provost for Research, Unlv. of Washington

Buano BgnnEon. EeoroEry

A D Andreas, De uly Secre
R Bocks istrict 1 Administrator
W, Beeman, ljlatrlct § Administrator
J L. Clemen Assistant Seoretar{c,for Mngt Services
A.C. Cook, District 2 Administral
EW. Ferguson. District 4 Administrator
W H. Hamllton. Assistant Secretary for Aeronautics
J. Salnsbury, Assistant Seoretarz‘ Marlne Transportation
R.C. Schus r.AsssIant Secretary for Highw;
Q.L. Smith, Manager, Public Transpona on
D. Tranum. District 6 Administrator
D.J. Vandehey, State Consruction Englnoer
J.D. Zirkle, District 3 Administrator

Vaughn Hubbard, Vloo Chalr
RlohardOdaba lan, Commissloner
Jerry n, Commissioner

Albert Flooelllnl Commissioner

Leo B. ney, Commissloner

Pat Wanamaker, Commiss|

WSDOT Reaearch District Lialsons

- Kem Jacobson, Public Transp. andPlang Engr
- Do Senn, Location/Construction Engineer

- Bob eorge, Assistant Location Eng noer

- RN. Coffman, Maintenance Englneer

- Bcbert MacNell, Design Englneer

- Richard Larson, Design and Planning Enginesr

Eederal Highway Adminiatration
M. Eldon Green, Reglonal Administrator

Emest J. Valach, and ram Development
Y Ml gt Lo g opm

Paul c G on. D|vlslon Administrator
Charl Division Transportation Planner
harloo Asslshnt Transportation Planner

G. Scott Rutherford, Director
Ken Casavant, Assodlate Director, WSU
Joe P. Mahoney, Assoclate Dlmcbr uw

Khossrow Babael Research Englneer
Rhonda Broo! esearch Al de
Lisa Chrlsto erson, Secreta
Mark Hallenbeck, Research Englneer
Michaelle lily, Secreta tary
Ed McCormack, Research Engineer
Amy O'Brien, Coordinator
Bev Odegaard, Program Asslstant
Ron Porter, Word Prooessln Techniclan
Sheryl Sannes, Research Al
Cy Ulber V\? Research Englneer
Duane Wright, Research Alde



NAE
3 3166 0000 0919 1

TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
WA-RD 81.1
4. Title and Subtitle 5. Report Date
Design of Prestressed Concrete Girders February 1986
Without End B1 ocks 6. Performing Organization Code
7. Author(s) 8. Performing Organization Report No.

Rafik Y. Itani and Ronald L. Galbraith

9. Performing Organization Name and Address 10. Work Unit No.
Structural Engineering Section
Dept. of Civil & Environmental Engineering 11. Contract or Grant No.
Washington State University Y 2811 Task 14
Pullman N WA 99164-2914 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

Final Report
Washington State Department of Transportation 7/85 - 2/86

14. Sponsoring Agency Code

15. Supplementary Notes

Conducted in cooperation with the U.S. Dept. of Transportation, Federal
Highway Administration

16. Abstract

This report investigates the feasibility of removing end blocks from
the Washington State series 10 and 14 simply supported prestressed
girders. These girders are characterized by their 5" webs and are
pretensioned using both harped and straight 1/2" grade 27 strands.

A series 14 girder, 48 ft. long, is manufactured without end blocks
and destructively tested. Based on the results of this test, a 100 ft,
series 10 girder was manufactured without end blocks and monitored in a
bridge under actual service conditions.

Results from these tests show that the modified ends performed
effectively under both prestress transfer and service loads.
Accordingly, a recommendation is made to remove end blocks from such
girders.

17. Key Words 18. Distribution Statement

Concrete, girders, beams, prestressed,
pretensioned, end blocks, stresses

19. Security Classif. (of this report] 20. Security Classif. {of this page] 21. No. of Pages 22. Price

Unclassified _ 119

Form DOT F 1700.7 (8-69)

FORM 341- 004
’ HWY 6172



" WASHINGTON STATE LIBRARY
OLYMPIA. WASHINGTON
Cl

DESIGN OF PRESTRESSED CONCRETE
GIRDERS WITHOUT END BLOCKS

By
Rafik Y. Itani, Ph.D. and Ronald L. Galbraith
Washington State Transportation Center

Structural Engineering Section
Dept. of Civil & Environmental Engineering
Washington State University
Pullman, WA 99164-2914

Final Report
Research Project Y-2811
Task 14
Prepared for
Washington State Transportation Commission
Department of Transportation
and in cooperation with
U.S. Department of Transportation
Federal Highway Administration

February, 1986



The contents of this report reflect the views of the authors who
are responsible for the facts and the accuracy of ¢the data
presented herein. The contents do not necessarily reflect the
official views or policies of the Washington State Department of
Highways or the Federal Highway Administration. This report does
not constitute a standard, specification, or regulation.



TABLE OF CONTENTS

Page

LIST OF TABLES . . . & & ¢ i i e e e e e e e et e e e e e e e e a iv

LIST OF ILLUSTRATIONS . . . & & o i e e e e e e e e e e e e e e e v

ACKNOWLEDGMENTS . . & & v i i e ot e e e e e e e e e e e e e e e e vii

ABSTRACT & v v v ot i e e e e e e e e e e e e e e e e e e e e e e e viii
Chapter

1 INTRODUCTION . . . v v v e e e e e e e e e e e e e e e e e 1

2 LITERATURE REVIEW . . . . . . & « ¢ ¢ v v i v v e e e e 4

3 TEST OF GIRDER UNDER CONTROLLED CONDITIONS . . . . . . . . . 18

3.1 Girder Design . . . . . ¢ i 4 it e e e e e e e e e 18

3.1a Unmarked End . . . . . . . . ¢ ¢ .00 .. 21

3.1b Marked End . . . . . . . . . . 0000 .. 21

3.2 Instrumentation . . . . . . ¢ ¢ ¢ ¢ 0t v et e e .. 24

3.3 Prestress Transfer . . . . . ¢ ¢« ¢ v ¢ v vt v e e o 26

3.4 Cylinder Samples . . . . & . v v v v 4 v v 4 o e 0 0. 28

3.5 Shear Test Set-Up . . . « . . ¢ ¢ ¢« v ¢ v v v v v o 30

3.5a Unmarked End Test . . . . . . . . .. .. ... 30

3.5b Marked End Test . . . . . . . ¢ ¢ ¢ o v oo .. 37

3.6 Experimental Stress Analysis . . . . « « . . . . « . . 37

3.7 Steel Stress . . . i . i e e e e e e e e e e e e e e 42

3.8 Concrete Stresses . . & ¢ ¢« ¢ ¢ i v e e e e e e e .. 47

3.9 Theoretical Comparison . . . . . . ¢« . ¢ ¢ ¢ v ¢« « « 58

3.10 Conclusion . & v v v v v v i e e e e e e e e e e e e 59



Chapter
4 TEST OF ACTUAL HIGHWAY GIRDER WITHOUT END BLOCKS . . . . . . 61
4.1 Girder Design . . . . . . . . 0 e et e e e e e e e 61
4.2 Girder Details . . . . . . . ¢ v v v it e e e e 62
4.3 Instrumentation . . . . ... ... ... 000 .. 62
4.4 Girder Construction . . . . . ... ... ... ... 69
4.5 Prestress Transfer . . . . . . . .. ... ... ... 71
4.6 Stress Analysis of Prestress Transfer . . . . . . .. 73
4.7 Addition of Concrete Slab . . . . . . . . ... . .. 85
4.8 Stresses Due to Addition of Concrete Slab . . . . .. 85
4.9 Superposition of Prestress Transfer and Slab Stresses 87
4,10 Live Loading of Girder . . . . . e e e e e e e e e 91
4,11 Stresses Due to Live Loading . . . . . . . . . . . .. 93
4,12 Theoretical Comparison . . . . . e e e e e e e e e e 97
4.13 Conclusion . . . v ¢ v v v v v v v v v v v e e .99
5 CONCLUSIONS AND RECOMMENDATIONS . . . . ¢« ¢ ¢ ¢ ¢ ¢ ¢ o o & 100
REFERENCES . & v & v v v ittt e e e o e o ot e et e e e e e o 105

APPENDIX A . & o v i i e e e e e e e e e e e e e e e e e e e e e 107



Table
3.1
3.2
3.3
3.4a-c

iv

LIST OF TABLES

Page
Loads and Comments for Unmarked End Test . . . . . . . . . 35
Loads and Comments for Marked End Test . . . . . . . . . . 39
Stresses in Stirrups, Unmarked End . . . . . . . . . . .. 48

Stresses in Stirrups, Marked End . . . . . . . . ..o . 50



Figure

3.1a
3.1b
3.2a
3.2b
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11a-d
3.12
3.13a-d
3.14
4.1

4.2
4.3
4.4a
4.4b
4.4c

LIST OF ILLUSTRATIONS

Cross Section of WSDOT Series 14 Girder . . . . . . ..
Cross Section of WSDOT Series 10 Girder . . . . . . ..
Steel Reinforcement at the Ends of the Test Girder . . . .
Construction of Girder Showing Steel Reinforcement . . . .
Locations of Strain Gages and Rosettes . . . . . . . . .
Cracking of Unmarked End Due to Prestress Transfer . . . .
Uniaxial Compressive Strength Versus Age of Concrete . . .
Uniaxial Compressive Stress-Strain Curves . . . . . ..
Method of Support for Test Girder . . . . . .. . . ..
Loading Used for Shear Tests . . . .. ... .....

Diagonal Cracking Due to Shear . . . . . . . . . . ...

Locations of Supports and Loads for Shear Test of

Marked End . . . . . & . i i e e e e e e e e e e e e

Locations of Strain Gages on Stirrups . . . . . . . ..
Principal Stresses in Concrete . . . . . . . . . . . ..

Transverse Stress Distributions for Series 14 Girder . . .

Cross Section of WSDOT Series 10 Pretensioned

Concrete Girder . . . . & ¢ ¢ i v i 4t e e e e e

Shear Capacity Diagram . . . . . . . . . . . . .« . ..
Locations of Gages on Stirrups . . . . . . . . . . . ..

Locations of Rosettes on Concrete . . . . . . . . . ..

Stirrup Instrumented with Strain Gages . . . . . . .

Page

19
20
22
23
25
27
29
31
32
33
36

38
43
49
54
60

63
64
65
67
67
68



L I~ N

E- - - - T T~ R © B )

.8a-h

.10
.11
.12a-b
.13
.14

.15
.16a-b
.17
.la-b
.lc-d

Mounting of Strain Rosettes . . . . . . . . . . ... ..

Girder after Prestress Transfer with Slight Upwards
Deflection at Midspan . . . . . . . « « ¢ ¢ ¢« v ¢ o ¢ ..

Girder on Storage Supports with Crack . . . . . . . . ..
Steel Tensile Stress Distributions . . . . . . . . . . ..
Principal Stresses Due to Prestress Transfer . . . . . . .
Girder in Place at Bridge Site . . . . . . . . . . o . ..
Principal Stresses in Concrete . . . . . . . . . . . . ..
Principal Stresses in Concrete . . . . . . . .« ¢« ¢+ o .
Dimensions of Truck Used in Live Load Test . . . . . . . .

Direct Concentrated Loads on Girders for Live Load
Test (KipS) « ¢ v v v o o v v v o o o e e e e e e e e e

Locations of Rear Axle for Live Loading . . . . . . . . .
Principal Stresses in Concrete . . . . . . . . . . ¢ . ..
Transverse Stress Distributions for Series 10 Girder . . .
Cracks in Girders with End Blocks . . . . . . . . . . ..

MOre CracCKks v v v ¢ v ¢ o o o o o o o o o o o o o o o o o

vi

Page



vii

ACKNOWLEDGMENTS

We wish to express our gratitude and appreciation to the following
organizations for making this research possible.

The Washington State Department of Transportation and its engineers,
Mr. Stew Gloyd and Mr. Umesh Vashishth, who showed sincere interest in
this project and contributed their technical assistance. Appreciation
also goes to Nancy Mortimer, engineer from WSDOT District 6, who assisted
in scheduling the on-site test of the Sullivan Road overpass.

Acknowledgment 1is also due to Mr. Rick Anderson and Concrete
Technology Corporation of Tacoma for manufacturing and testing a series
14 girder. Mr. Anderson's technical assistance and comments were
extremely valuable in data collection and reduction.

Appreciation is extended to Mr. Chuck Prussack and Central Pre-Mix
of Spokane for their assistance in manufacturing the series 10 girder for
use on the Sullivan Road overpass.

Special gratitude is due to Washington State Transportation Center
(TRAC) for its support of this research. A thanks is extended to
Mr. Bill Carr and Mr. Scott Rutherford for their interest in this
project. Appreciation is also due to FHWA for their support of the
research program under which this project has been conducted.

Finally, the efforts and help of Mr. Ron Galbraith, a WSU graduate
student, are greatly acknowledged. Mr. Galbraith worked on this project
as a research assistant in pursuit of his master's degree. Others whose
help is appreciated include Dr. Fumio Kamiya of the Forestry and Forest
Products Institution of Tsukuba, Japan, and Mr. Girish Hiremath, a

graduate student at WSU.



viii

ABSTRACT

This research investigates the feasibility of removing end blocks
from pretensioned prestressed concrete bridge girders to improve their
cost efficiency. The girders being studied are the pretensioned series
used by the Washington State Department of Transportation. These girders
are characterized by 5-inch thick webs, and are prestressed using both
harped and straight, % inch diameter, grade 270 strands. Presently,
these girders are manufactured with end blocks and are used in both
simple and continuous span bridges. This research deals solely with the
simply supported case.

A series 14 girder 48 feet long is manufactured without end blocks
and destructively tested to determine ultimate strength capabilities. In
addition, a 100-foot long, series 10 girder is manufactured without an
end block at one end, and is monitored in a bridge under actual loading
conditions. Both girders have been instrumented with strain gages on the
steel reinforcement and concrete of the end regions for analyzing the
stresses induced. Strain readings are taken during the detensioning
process as well as during various stages of loading.

The new design is based on a five-inch thick web which is kept
constant throughout the girder while providing adequate shear and
anchorage zone reinforcement in the ends. Results of the stress analyses
indicate that the modified ends perform effectively under both prestress
transfer and service loads. It is recommended that on simply supported
spans end blocks be removed from the WSDOT series pretensioned girders,
providing a uniform web width across the girder. This is expected to
decrease both manufacturing costs and time, thereby benefiting Washington

State and its taxpayers.






CHAPTER 1
INTRODUCTION

An end block is basically a short section at the end of a
prestressed concrete girder of which the web has been thickened, or the
whole section has been enlarged and made rectangular. End blocks were
developed for post-tensioned girders to allow room for embedding the
bulky anchorage hardware used for the prestressing strands. They also
assist in the placement and compaction of the concrete in the end
regions, as well as in the distribution of the prestressing force. The
practice of providing end blocks for post-tensioning carried over into
the design of pretensioned prestressed girders. However, the prestress
force in pretensioned girders is transferred by bond between the concrete
and prestressing strands over a distance known as the transfer length.
No mechanical anchorage devices are needed, therefore the use of end
blocks for pretensioned prestressed girders is questionable.

Although they are usually necessary for the post-tensioned case, the
use of end blocks has several disadvantages. The construction of an end
block requires special formwork which deviates from that of the regular
cross section. This can add appreciably to the manufacturing cost. The
end block contributes as much as five percent to the total weight of a
girder. This increases both transportation and installation costs. In
addition, girders with end blocks witness higher tensile stresses upon
the detensioning (13) than girder without end blocks. Therefore, end
blocks are both uneconomical and undesirable and should be omitted, if

possible, from pretensioned girders.



The State of Washington currently uses many pretensioned prestressed
girders 1in highway bridge construction. A significant number of these
girders are of the series 10 or series 14 type. The basic cross section
of this type of girder is a bulb-T with a five inch web, and a height of
58 inches for the series 10 and 73.5 inches for the series 14. These
girders are prestressed using both straight and harped grade 270 strands,
with the number of strands depending on the span length which ranges from
80 to 140 feet. The end blocks consist of a web width of 16 inches for
the series 10 and 12 inches for the series 14 girder. The length ranges
from 27 to 42 inches from the end followed by a 90-inch transition to the
five inch web width.

Past research indicates that end blocks can be removed from preten-
sioned girders by substituting adequate stirrup reinforcement in their
place. In fact, tensile stresses in steel reinforcement were found to be
higher for girders with end blocks than those without (13). End blocks
have been successfully removed from AASHTO Type IV, V apd VI girders
which have 8 inch webs, and other girders with 6 inch webs, but none that
compare with the small web to depth ratio of the Washington series.

The objective of this research is to study the possibility of
removing end blocks from WSDOT series 10 and 14 girders, while retaining
the same cross section and a five inch web. In place of the end blocks,
vertical stirrup reinforcement conforming to the AASHTO specifications
for anchorage zones are provided.

In order to investigate the feasibility of removing end blocks, a
test girder was designed with vertical stirrups in the end region instead
of end blocks. The girder was instrumented with strain gages on both the

stirrups and concrete of the end region. Then, the strains caused by



prestress transfer and loading were recorded so that a stress history of
the girder could be determined, and the performance of the vertical
reinforcement could be evaluated.

With the success of the test girder, the design was then implemented
in an actual girder which again was instrumented with strain gages. This
girder was monitored during prestress transfer and under actual service
conditions.

The second chapter of this report contains a review of literature
relevant to pretensioned prestressed girders. The stress analysis of the
regions and the effect of end blocks on the stress distribution were the
major focus of this review.

Chapter 3 describes the design, instrumentation and testing of the
test girder which was performed at Concrete Technology Corporation.
Results of this test are also presented in this chapter.

The set up and testing of the in service girder is described in
Chapter 4 of this report, as well as presentation of results.

Chapter 5 presents the final conclusions and recommendations for the
removal of end blocks from WDOT series 10 and 14 pretensioned prestressed

concrete girders.






CHAPTER 2
LITERATURE REVIEW

There have been many studies dealing with prestressed concrete
girders. The ones of concern for this research involve the stresses in
the end regions of these girders. Most of the experiments and analyses
have involved post-tensioned girders, while the series used by the
Washington State Department of Transportation are pretensioned. The
results of post-tensioned beam experiments are of 1little value for
pretensioned beam research because the two methods of stressing have
different effects on the related end zones of the beams. Instead of
being concentrated on the bearing area of the end anchorages, the
prestress force of a pretensioned beam is transferred to the concrete
over the transmission length at the end of the strands. Therefore, this
literature review will be focused primarily on studies involving
pretensioned prestressed concrete beams.

Probably the most important investigation in relation to this
research was performed by W.T. Marshall and Alan H. Mattock (10) and
reported in October of 1962. Marshall and Mattock were the first
investigators whose primary goal was to measure the stresses which cause
horizontal cracking in the ends of pretensioned prestressed girders.

According to their paper, two series of girders were tested. The
first series had the same I-shaped cross section, while the second series
used two cross sections and also included vertical stirrup reinforcement.
Other variables in the tests included: web thickness, arrangement of
prestressing strands, surface condition of the strands, size of vertical

stirrups and magnitude of prestressing force.



The tests consisted of transferring the prestress force to the
girders and measuring the strains produced. The prestress force was
transferred by torch-cutting seven days after casting. Strain gage
readings were taken before transfer, and after each group of strands was
cut. From the results of the tests, a strain distribution was found for
each girder.

Marshall and Mattock also looked at a survey of prestressed concrete
highway bridges of which 25 out of 41 contained pretensioned prestressed
girders with horizontal cracking in the end zones. From the results of
the field survey and their experiments, Marshall and Mattock concluded
that end blocks are not necessary in pretensioned prestressed girders.
They found that end blocks do not ensure the absence of horizontal
cracking and cannot restrict the growth of a horizontal end crack once it
has started. Instead of end blocks, Marshall and Mattock suggest that
vertical stirrup reinforcement should be provided close to the end face
of a pretensioned prestressed concrete girder. They developed the

following expression for the necessary cross sectional area of stirrups:
T h

A, = 0.021 — . — Equation 2.1
t £
S t
where, At = cross sectional area of stirrups in square inches
T = total prestressing force
h = beam depth
fS = maximum allowable working stress of steel

—
]

¢ = the transfer Tlength (may be assumed to be 50 times
the strand diameter)

The stirrups should be distributed uniformly over a distance equal
to one fifth of the girder depth, with the first stirrup as close to the

end face as possible. Marshall and Mattock pointed out that the vertical



stirrup reinforcement will ensure satisfactory performance of the end
zone, and any horizontal cracks which occur will be fine and short and
will not affect the service performance of the girder.

In July of 1963, Peter Gergely, Mete A. Sozen and Chester P. Siess
(3) concluded their findings of a study on the effect of reinforcement on
anchorage zone cracks. They were interested in developing a direct
method of designing transverse reinforcement by assuming the initiation
of a crack. Both an experimental and an analytical investigation were
undertaken with the following reported.

Gergely, Sozen and Siess found that for an eccentric load, the
spalling stresses would be larger for a rectangular end-block than for an
I-shaped one.

They also proposed a set of design specifications which can be

applied to the anchorage zone of pretensioned concrete members.

1) Transverse reinforcement shall be provided within a distance %
from the end of the beam to carry the total force:
Mm
Ft = — Equation 2.2
h-z

and the stress in the transverse reinforcement shall be limited by

fo < 10° ()} Equation 2.3
S

but not greater than 30,000 psi, where:

AS = area of one stirrup

Ft = total stirrup force

h = height of beam

z = distance between the end of the beam and the centroid of
the areas of the stirrups that are within h/2 from the
end.

w = permissible nominal crack width (in.)



Mm = the maximum unbalanced moment caused by forces.acting on a
free body bounded by a transverse section and a
longitudinal section within the member.

For draped pretensioned strands, the point of action of the
resultant prestressing force shall be taken at 25 diameters along the
strands from the end.

2) Closed stirrups extending from the top to the bottom of the
section shall be used. The spacing within a distance h shall not be
greater than h/5 and shall not be less than minimum required for shear,
with the first stirrup as close to the end of the beam as permitted.

In June of 1965, P.D. Arthur and S. Ganguli (1) published an article
investigating the distribution of stress in the end-zones of pretensioned
concrete I beams. Two series of tests on a total of 23 beams were
carried out with the following factors being studied: transmission
length, distribution of vertical strain, and web cracking. Two different
arrangements of prestressing wires were used in the testing, as well as
three different web widths. The results of the testing showed that the
maximum vertical strain on the end face of the end block increased
linearly with the applied prestressing force.

The article also looked at applying the theories of post-tensioned
beams to pretensioned beams in the design of the end zones. The theories
of Magnel, Marshall (an adaptation of Bleich-Sievers theory), and Guyon
were looked at in their prediction of the vertical tensile stresses in
the end zone at transfer. Arthur and Ganguli proposed a modification of
Magnel's theory so that it can be applied to pretensioned beams. Two
expressions were developed for determining the maximum tensile stress on
the end face of the beam. The first equation assumes that the end block

length a = ]t:



f - _2OM Equation 2.4
Y
wt
where, bw = width of the web of the I beam at the centroid axis
]t = transmission length of the wires

M = moment of the prestressing forces and the prestress
in the beam about a horizontal plane through the end

block.
Or, when the end block length is equal to the depth of the beam d:
£ = 20M Equation 2.5
Y b d
W

The modified Magnel approach came closest to Arthur and Ganguli's
experimental values (+ 30 percent in the prediction of peak stress on the
end face).

While investigating cracking in beams, Arthur and Gahgu]i found that
cracking is likely to occur at a strain on the end face of the beam of
about 40x10'5, or at a peak tensile stress on the end face of 0.3 times
the cube strength of the concrete at the time of transfer.

S. Ganguli (2), in January 1966, published a paper discussing the
investigations performed by Hoyer, Evans, Ganguli, Janney and Base on the
transmission length in pretensioned prestressed concrete. From these
investigations, he formed some interesting conclusions about the
transmission length:

1) Compaction of concrete at the ends of the unit is of great
importance, therefore vibrators should be used.

2) A large concentration of prestressing wires in I or
inverted T-sections can cause horizontal shear cracks to
form.

3) Wires near the top of a girder may have greater
transmission lengths than wires near the bottom, therefore
tension cracks may form near the end.

4)  Sudden transfer by flame-cutting increases the
transmission length greatly.



5) When strands are used, extra reinforcement might be needed
to prevent bursting cracks in the concrete.

6) 80 percent of the maximum prestress is developed over
one-half of the transmission length.

In April of 1966, W.T. Marshall (11) proposed a modification to a
method developed by H. Sievers for determining the maximum tensile stress
in the web of a post-tensioned beam, so that it could be applied to a

pretensioned one. The modified expression for the maximum tensile stress

becomes:
. K[P(e - h/4)] Equation 2.6
0’ =
y Bh?
where, e = eccentricity of applied load, P
B = beam width
h = height of beam
K = coefficient

The value of K depends on the transfer length and the depth of the
beam, and was found to range from 5.47 to 12.3.

In October of 1966, Hawkins (5) reported his findings on end-block
analysis from an investigation in which he evaluated past theoretical and
experimental analysis and behavior of both post-tensioned and
pretensioned concrete girders.

Hawkins' major conclusions are:

1) End blocks be designed by treating the problem as an

equilibrium of free bodies produced by the cracks. The
important variables would be the width and length of the

cracks and the placement of reinforcement steel.

2) Bursting zone cracks are more dangerous than spalling zone
cracks.

3) Stirrups for controlling spalling zone cracks should be
placed as close to the end of the beam as possible.
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4) Guyon's method of partitioning should be used to predict
cracks in the bursting zone.

5) Two-dimensional analysis underestimates the maximum
transverse strains for a three-dimensional problem.

6) Rectangular end blocks should not be used for I-beams.

P. Gergely and M. Sozen (4), in April 1967, presented an article
introducing a method for designing the vertical reinforcement to restrain
longitudinal cracks in the end zones of prestressed concrete girders.
This proposed method is backed up by a series of experimental results
which agree closely with the theoretical values.

The method of analysis used by Gergely and Sozen assumes the
presence of a longitudinal crack and is concerned with the equilibrium of
the two girder sections, above and below the crack. The analysis uses
the following parameters: applied prestressing force, stirrup force, the
length and width of the crack, and the dimensions of the end block.
Gergely and Sozen developed equations for estimating the location of the
crack and the magnitude of the unbalanced moment which creates the
tension forces in the transverse steel. From this information, the
stirrup forces can be calculated and the reinforcement is selected to
confine the crack.

This analysis was found to work best for prestressed girders whose
anchorage zones contain loads of high eccentricity. For the case of
pretensioned strands, the total force transferred is divided up and
concentrated at a finite number of points along the anchorage length of
the strands.

Gergely and Sozen conducted experiments to confirm their
assumptions. Tests were conducted on 10 reinforced beams and 25

transversely reinforced beams with the following being varied: the cross
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section (rectangular and I-shapes), the amount of reinforcement and the
applied load. The results showed that both the position of the crack and
the forces in the stirrups agreed with the analytical results.

In March of 1970, D. Krishnamurthy (7) reported the results of tests
performed on thirty-two pretensioned prestressed concrete I-beams. The
main objectives of the tests were to study the effect of sudden transfer
on the transmission length of 0.2 inch diameter indented wires, and the
effect of sudden transfer on the vertical tensile stresses on the end
face centroid of the beams. A11 the beams were prestressed with the same
force, with the variables in the tests being cross sectional dimensions
and the rate of transfer of the prestressing force to the concrete.

The results of the tests showed that sudden transfer increases the
vertical tensile stresses on the end face of the beam, which increases
the tendency to crack. The sudden transfer was also found to increase
the transmission length, which does not agree with the views of Marshall
and Mattock or Arthur and Ganguli. Finally, Krishnamurthy recommended
that to reduce the magnitude of the vertical tensile stresses in the end
zones, and to reduce the transmission lengths of the prestressing wires,
gradual transfer should be used in the production of the pretensioned
beams.

E.G. Nawy and J.C. Potyondy (12), in May 1971, reported their
findings from their experiment involving the testing to failure of 22
pretensioned I- and T-beams. From the results of the tests, Nawy and
Potyondy concluded:

1) Confining reinforcement has no influence on the magnitude
of the load at first cracking.

2) T-sections cracked at a lower load than I-sections.
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3) Cracks in T-beams stabilized at about 80 percent of the
ultimate moment, while I-beams cracked gradually up to the
ultimate load.

An equation was developed for controlling the permissible crack

width under overload.

Krishnamurthy (8) published another article in July 1971 discussing
theEYesults of over sixty tests performed on short I-beams (4 feet 6
inches long). A1l the beams were subjected to the same prestressing
force, with the following being varied: concrete strength, method of
transfer, cross sectional dimensions and the arrangement of prestressing
wires. From the measured strains, the stress distribution within the end
zones were plotted. Using these results, expressions were developed for
obtaining the maximum tensile stress on the end face of the beam, and the

stress distribution in the end region:

%end = B%%M Equation 2.7
t
-3.5x
o, = 5%%” (1 - ?—)e t Equation 2.8
t t

where, M = resulting bending moment between the prestressing
force and the internal prestress developed in
concrete on the centroidal axis
b = web width
d = depth of the beam
]t = transmission length of the tendon
This equation was used to predict the maximum tensile stresses on
the end faces of the beams used in the tests of Marshall and Mattock, and
those of Arthur and Ganguli. These values were compared to the
experimental results and the values predicting using Marshall's method

and the modified Magnel's method. There was good comparison with the
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experimental values and Marshall's method was found to overestimate in
some cases. However, the modified Magnel's method was found to be
inconsistent and unreliable in the estimation of stresses.

Krishnamurthy also developed an equation for estimating the load at

which the concrete would crack.

P = fct Pe .
¢ Y%end Equation 2.9
where, Pc = cracking load
fct = splitting or cracking tensile stress of concrete

O
n

effective prestressing force at transfer

He recommended that end reinforcement be provided when the
calculated tensile stress on the end face exceeds the effective tensile
stress.

In October 1971, P. Zia and T. Mostafa (16) published an article in
which they introduce an equation for determining the transfer length of
prestressing strands. By analyzing the results of several tests

performed by different researchers, Zia and Mostafa propose the following

expression:
fs1‘
]t = 1.5 ?Z; db - 4.6 (inches) Equation 2.10
where, fSi = initial stress in prestressing strand, before
losses, ksi
fci = compressive strength of concrete at time of initial
prestress, ksi
db = nominal diameter of prestressing strand, in.

This equation takes into account the strand size, the initial

prestress and the concrete strength at transfer. The equation can be
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used for a range of concrete strength from 2000 to 8000 psi. When
compared with ACI requirements, the results agree for small size strands
and is conservative for low strength concrete at transfer.

In October 1976, a study by P. Kalyanasundaram, C.S. Krishnamoorthy
and P. Srinivasa Rao (6) was published. This article examined the
application of the finite element method to the end-zones of pretensioned
prestressed concrete girders to determine the stress distribution. Both
two-dimensional and three-dimensional finite element analysis were
applied to a few specific cases in which the end-zone stresses had been
determined experimentally. The finite element results were compared to
both experimental values and values predicted by the formulae proposed by
the various researchers: Krishnamurthy, Arthur and Ganuli, and Plahn and
Kroll. The close agreement between results indicates that this method is
effective in the determination of the stress distribution.

The two-dimensional finite element analysis with a fine mesh was
found to give as good results as the three-dimensional analysis with a
coarse mesh. Therefore, it was assumed that the two-dimensional analysis
should be the better choice since it is cheaper. Advantages of the
finite element analysis over other methods are that it gives a complete
picture of the stress distribution, and also makes it possible to study
the influence of changing the section parameters or bond characteristics
on the stress distribution in the end-zone.

In September of 1984, B.G. Rabbat and H.G. Russel (14) presented a
paper at The Second Bridge Engineering Conference on the structural
efficiency and cost effectiveness of bridges built with precast
pretensioned I-section and T-section girders with cast-in-place decks.

In their study, Rabbat and Russell compared Bulb-T, Colorado and



15

Washington girders with AASHTO-PCI girders. This included a survey of
highway agencies and producers throughout the United States on the
advantages and disadvantages of the specified cross sections, as well as
a parametric study using a computer program which they developed. The
parameters studied include: girder spacing, span length, cross section,
concrete and strand characteristics, and costs of materials.

The Washington series, as well as others, were found to be more
structurally efficient than AASHTO-PCI girders. However, the survey
found that there was concern about possible difficulties in the
manufacture and transportation of girders with five inch thick webs.
Therefore, a study was also performed in which all of the cross sections
were modified with six inch thick webs. Increasing the web thickness for
the girders with five inch webs also included eliminating the end blocks.
Again, the Washington series were more efficient than AASHTO-PCI girders.

Rabbat and Russell concluded that the Washington series are the
second most cost-effective sections following the Bulb-T's. They
recommended that Bulb-T éirders with a 6 inch thick web be used as the
national standard precast, prestressed concrete bridge girder. They also
suggested that use of girders with end blocks and five inch thick webs
would be beneficial where experience has demonstrated the thickness to be
satisfactory.

Finally, in December of 1984, Daniel A. Sarles and Rafik Y. Itani
(15) presehted a paper investigating the anchorage zone stresses in
prestressed concrete girders. A finite element analysis of the transfer
/;f prestress was performed for both post-tensioned and pretensioned

I-beams, with and without end blocks. Of special interest to this
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research is the analysis of the stress distributions in the anchorage
zones of WSDOT Series 10 and 14 girders.

Sarles and Itani found that the maximum total tensile force occurred
along a horizontal section 21.57 inches above the base for Series 10, and
28.33 inches above the base for Series 14. It was also found that the
total transverse tensile force increased sharply by the provision of an
end block for both sections. However, the transverse tensile stress
decreased, for both cases, when the end block was present.

Sarles and Itani concluded that for WSDOT Series 10 and 14 girders,
end blocks only serve to reduce the congestion of transverse vertical
reinforcement. They recommended that end blocks be required only if
required by quality control. Finally, if they are to be used, it is
recommended that the width be kept to a minimum, and that the transition
length not exceed the length of the end block.

Also of importance to this research are the AASHTO specifications
regarding the design of the anchorage zones for pretensioned beams.
According to section 1.6.15, "where all tendons are pretensioned wires or
7-wire strand, the use of end blocks will not be required." Instead,
vertical reinforcement shall be provided as required by the
'specifications: "In pretensioned beams, vertical stirrups acting at a
unit stress of 20,000 psi to resist at least 4 percent of the total
prestressing force shall be placed within the distance of d/4 of the end
of the beam, the end stirrups to be as close to the end of the beam as
practicable. For at least the distance d from the end of the beam,
nominal reinforcement shall be placed to enclose the prestressing steel

in the bottom flange."
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A look at current practice in the state of Texas provided some
interesting information on the elimination of end blocks. The Texas
Highway Department began using beams without end blocks 14 years ago, and
paid particular attention to the ends of the beams. Cracking had
occurred occasionally when end blocks were used, and continued to occur
after they were eliminated. However, the cracks were very small and it
was predicted that they would "close up" when future loads were imposed.
Experiments with wrapped strand patterns proved effective at relieving
the cracking problem. Now, Texas requires the wrapped pattern to be used

if cracking is observed in the first beams cast of a given design.
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CHAPTER 3
TEST OF GIRDER UNDER CONTROLLED CONDITIONS

In order to prove thevfeasibility of removing end blocks from WSDOT
series 10 and 14 prefensibned girders, it was necessary to test the
' ultiméte load capacfty, of . the revised end region under controlled
Tlaboratory conditions. It was also necessary to monitor the performance
of the end region duriﬁg prestress transfer and during different stages
of loading to determihé the effectiveness of the design. For this stage
of the research, a series 14 girder was manufactured and tested at

Concrete Techho]ogy Cofporation (CTC) of Tacoma.

3.i Girder Design

The girder used for this test was of series 14 type (see Fig. 3.1a).
This cross section was selected because it has the smallest web to depth
ratio of the Washingtbn series and is therefore the most critical. A
full length girder wés simulated by using a strand pattern similar to
that used for 110 foot long girders.

‘A 48 foot girder was constructed with 28 straight and 10 harped,
3 inch grade 270 prestressing strands. The harped strands followed the
same angle as those for a liO foot girder, up to 30 inches on either side
of the centerline. A web thickness of five inches was kept constant
throughout the length of the test girder.

The girder was designed with two different amounts of shear
reinforcement in the end regions so that two separate tests could be

performed. One end contained light reinforcement in an attempt to force
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shear failure to occur in the end region. The other end was more heavily

reinforced with an ultimate shear capacity of 400 kips.

3.1a Unmarked End

The 1ightly reinforced end, known as the unmarked end, contained 4
pairs of #4 grade 60 stirrups at 4 inch spacing starting 2 inches from
the end of the girder (see Fig. 3.2a). After this, the spacing was
increased to a maximum of 16 inches. 1In addition to the vertical
stirrups, ties were provided around the straight prestressing strands to
contain the bursting stresses induced at the time of detensioning. Three
ties were spaced at 8 inches starting 2 inches from the end, and 3 more
were spaced at 16 inches. Longitudinal reinforcement for the unmarked
end consisted of 4 pairs of #3 bars spaced at 16 inches in the web region

of the girder.

3.1b Marked End

The vertical reinforcement for the marked end of the girder
consisted of the AASHTO shear requirements for a nominal shear of 400
kips. In addition, the anchorage zone requirement of: "... vertical
stirrups acting at a unit stress of 20,000 psi to resist at least 4
percent of the total prestressing force shall.be placed within a distance
of d/4 of the end of the beam, the end stirrups to be as close to the end
of the beam as practicable" was provided. Satisfying these requirements,
as well as providing proper clearance between the stirrups and
transitional spacing, produced the following stirrup spacing ‘for the
marked end of the girder. The first pair of stirrups was lTocated

11 inches from the end of the girder followed by 6 spaced at 2 1nchés, 6



22

MARKED END

708"

—~ Fre2"d— 604" —- 12 88" ——F——16" spacing —=
—b—6e4 — 120 +— 203" —

1%"

UNMARKED END

3ei1s"

o
604" —f— 16" spacing —
Je8" —f———3016" —

|
=
~—

~n

Figure 3.25 Steel reinforcement at the ends of the test girder.
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spaced at 4 inches, 12 spaced at 8 inches and the remainder at 16 inch
spacing (see Fig 3.2a). The ties were spaced, starting at 14 inches from
the end, 6 #4 ties at 4 inches spacing followed by 3 ties at 16 inch
spacing. Eight pairs of #3 bars were spaced 8 inches on center for the

longitudinal reinforcement.

3.2 Instrumentation

Instrumentation of the girder consisted of both strain rosettes
located on the concrete surface, and strain gages on stirrups and ties
within the concrete. The placement of the gages was chosen so that the
stress distribution from both prestress transfer and loading could be
determined.

Seventeen SR-4 10mm gages were placed on seven stirrups at each end
of the test girder (see Fig. 3.3). The gages were located at points
where maximum stresses in the steel stirrups were expected. For the
first 3 stirrups from the ends, the gages were placed at 8, 22 and 36
inches from the bottom of the girder. The remainder of the instrumented-
stirrups contained only 2 gages each, at 8 and 36 inches from the bottom.
For the marked end, the instrumented stirrups were placed at 11, 6, 12,
22, 38, 70 and 102 inches from the end. The instrumented stirrups for
the unmarked end were placed at 2, 6, 10, 22, 42, 74 and 106 inches. Six
10mm gages were also mounted on ties confining the straight prestressing
strands. Three instrumented ties in the marked end were located at 2, 10
and 18 inches from the end, while in the unmarked end they were placed at
2, 18 and 42 inches.

Because of cost limitations, only the unmarked end of the girder was

instrumented with concrete strain rosettes. Twelve rectangular rosettes
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were placed in 3 rows of 4, at distances of 2, 11 and 20 inches from the
end of the girder. The rosettes were all located on the web region of
the girder at 10.5, 28.5, 46.5 and 64.5 inches from the bottom, forming a

grid-Tike pattern.

3.3 Prestress Transfer

Casting of the girder was completed on November 20th, 1984 at 3:40
PM. High early strength concrete was used, as well as hot air curing to
cure the concrete quickly. At 10:30 the next morning, compressive
cylinder tests indicated that the concrete had reached a compressive
strength of over 5000 psi, therefore prestress transfer could begin.

The 38 prestressing strands were initially tensioned to a stress of
189 ksi. This stress was transferred to the girder in four stages, with
strain readings taken after the completion of each stage. The first
stage began at 11:43 AM by releasing 50 percent of the load on the harped
strands and cutting five of the strands at the dead end (nonjacking end).
At 11:47, the remaining load on the harped strands was released and the
other five strands at the dead end were cut. At 11:54, the load on the
28 straight strands was released and the strands were cut. Finally, at
12:07 the girder 1ifted to break any residual bond with the form. For
the next 5 days, the strains were monitored at intervals of 90 and 99
minutes until the girder was placed in storage.

The only visible results from the transfer of prestress test were
two horizontal cracks in the unmarked end of the girder, located near the
centroid and midway between the centroid and the bottom flange (see Fig.
3.4). These cracks were spalling or splitting cracks caused by tensile

stresses resulting from the distribution of the concentrated compressive



Figure 3.4

Cracking of unmarked end due to prestress
tra?sfer (cracks are outlined with black
ink).
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stresses at the end of the girdér. The width of the cracks were 0.1 and
0.06 millimeters (0.004 and 0.0024 inches) and the lengths were around 10
to 15 inches. Since the width and length of these cracks were not very
large, they were not expected to affect the performance of the girder
under loading conditions, and in fact did close up. The results of the
strain analysis.during prestress transfer will be presented later in this

chapter.

3.4 Cylinder Samples

At the time of casting, cylinder samples of the concrete were taken
for compressive strength, density and elastic modulus determination. Ten
samples were taken from each of the two batches used for the girder
construction. Six of the cylinders from each batch were 4x8, while the
other four were 6x12 inch cylinders. The cylinders were cured under the
same conditions as the girder until they were removed to be tested.
Concrete Tech. performed compressive strength tests on the 4x8 inch
cylinders at ages of 19 hours, 7 and 24 days, using 2 cylinders from each
batch for each test. The compressive strength increased from an initial
value of 5415 psi to a maximum of 8670 psi (see Fig. 3.5). Density tests
of the 24 day old cylinders indicated an average concrete density of
156.1 pcf. |

The 6x12 inch cylinders were used to determine the elastic modulus
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